To develop a method to quantitatively assess the visibility enhancement of single face images gained with digital filters for people with maculopathy. To apply this method to obtaining preliminary results of visibility enhancement with subjectively preferred filters for people with maculopathy. METHODS. Six subjects with normal vision and two with maculopathy were required to recognize seven facial expressions of single face images with different display durations of 2 seconds, 1 second, and 0.73 second. As a result, four facial expressions (anger, disgust, fear, and sadness) and a display duration of 0.73 second were chosen to measure single face image visibility enhancement with subjectively preferred digital filters. Finally, nine subjects with maculopathy viewed 30 images with four facial expressions that were either unfiltered or filtered with subjectively preferred digital filters. Each subject was required to identify the facial expression in a fouralternative, forced-choice paradigm. The errors with original and filtered images were calculated. RESULTS. The method with four facial expressions and display duration of 0.73 second prevented a ceiling effect. The nine subjects with maculopathy made significantly fewer errors with the filtered images than with the original ones images (P ϭ 0.004). CONCLUSIONS. The developed method was effective in objective (quantitative) measurement of the enhancement in image visibility with digital filtering for people with maculopathy. There is a measurable improvement in facial expression recognition with subjectively preferred filters. The facial expression recognition task developed and validated in the present study is recommended as a method to be used in future studies of enhancement of face images. (Invest Ophthalmol Vis Sci.
nonoptical magnification devices that give high magnification for reading have a limited usefulness for face perception, because it is difficult to synthesize enlarged parts of a face for whole-face perception.
As an alternative (or in addition) to magnification, digital image processing has been applied to both text [3] [4] [5] and picture images 6 -13 to improve reading and perceived image visibility for people with visual impairment. The theory is that if the lost spatial frequency information of an image could be enhanced, the corresponding perception would be enhanced. It is not hard to anticipate that the optimal enhancement would be related to the extent of vision loss. Filters based on the ratio of the contrast sensitivity of the visually impaired person to that of the normal control have been applied to text. Two studies 3, 4 reported significant improvement in the reading speed but another study 5 reported only slight improvements. Another method has been to use generic filters that enhance certain spatial information, but which are not directly related to the individual's contrast sensitivity loss. Using this approach, Leat and Mei 6 showed that digital filtering could improve perceived face visibility for people with maculopathies (atrophic agerelated macular degeneration [ARMD] , exudative ARMD, and juvenile macular dystrophy [JMD] ). They divided the digital filters into two groups: generic and custom-devised. Generic filters are not based on an individual's specific vision loss, and include filters such as contrast enhancement, Peli's adaptive enhancement, and high-pass filters. 9 Custom-devised filters are based on individual contrast loss at certain spatial frequencies. These are usually applied as band-pass filters and may be based on contrast sensitivity (CS) loss 5, 9 or contrast matching (CM). 6 Leat and Mei 6 tested several different band-pass filters, the gains of which were based on either the CS or CM function, and compared them against certain generic filters. They applied the filters to two categories of images-faces and general scenes-and found that the filters based on contrast matching gave perceived improvement rather than those based on CS for people with maculopathy. They also found that some generic filters gave equal perceived improvement. Peli's adaptive enhancement and contrast enhancement were the two generic filters most frequently preferred by all subjects.
Until now, it is clear that digital filtering can enhance perceived visibility for both text and images. One remaining question is whether this perceived enhancement can be demonstrated quantitatively (objectively)-that is, does it result in measurable improvement in performance. For text, reading speed measurement has been shown to be a good parameter for measuring improvement objectively. [3] [4] [5] But for single face images, as far as we know, there is only one study that has been conducted to answer this question. Peli et al. 11 measured the improved visibility using a recognition task of celebrity and unfamiliar faces. The original and filtered (using Peli's adaptive enhancement filter) images were shown to people with low vision. Subjects indicated on a scale of 1 to 6 their level of confidence in recognizing a face as a celebrity. The results showed that 11 of 21 subjects demonstrated enhanced recognition, and the study claimed a meaningful benefit of digital enhancement for some patients with central field loss. However, the method of Peli et al. may have a limitation. The task of recognizing celebrity faces may function well with people who follow celebrities but may be less effective for others who are less familiar with the world of politics and entertainment. Based on these concerns, face identity recognition (FIR) may not be the best task for measuring the enhancement of visibility of single face images.
Facial expression recognition (FER) is another key task, in addition to FIR. Both are important in daily life, but they have been shown to be different cognitive tasks, 14 activating different face-processing regions in the brain. [15] [16] [17] [18] [19] [20] [21] [22] and being processed by different pathways. [23] [24] [25] [26] In prosopagnosia, for example, the patient cannot perform FIR, but performs normally for FER. However, there is some evidence that the two tasks may be similar in terms of their basic visual requirements. Although FER and FIR have been used in several studies in people with visual impairments, [27] [28] [29] [30] [31] few studies have used both. Bullimore et al. 29 used a composite measure that included accuracy in both FIR and FER of 13 subjects with ARM and four visually normal subjects. This correlated best with word-reading acuity, rather than with contrast thresholds, grating acuity, or letter chart acuity. Although there appeared to be a relationship between FIR and FER, the FIR detection distances were shorter for all subjects apart from one subject, suggesting that FIR is a more difficult task compared with FER. Another study in which both FIR and FER were used in people with ARMD 28 showed that both correlated well with distance and reading acuity. Considering the difficulties in measuring FIR, we chose FER to demonstrate enhancement of visibility for face images with digital image enhancement.
The current preliminary study had two purposes: first, to develop a method using images of facial expression to quantitatively assess enhancement of visibility gained with digital filters (experiment 1). Second, to apply this method to measure improvement in visibility as a result of the application of subjectively preferred filters for people with maculopathy (experiment 2). These filters were those that each individual subject had chosen, among a range of filters, as giving the best improvement in visibility for face images. 6 A tertiary question was whether differences in perceived enhancement between two digital filters can be demonstrated. The first hypothesis is that FER is an effective task to use in demonstrating visibility enhancement with single face images filtered by preferred digital filters for people with maculopathy. The second hypothesis is that perceived improvements in visibility can be demonstrated objectively.
METHODS Experiment 1: Preliminary Study to Develop Methods

Materials.
A CD of full-face images with different expressions named JACFEE (Japanese and Caucasian facial expressions of emotion) was used (Paul Ekman Group, LLC, San Francisco, CA; http://www. paulekman.com/researchproducts.html). JACFEE consists of 56 photographs of different people, half are men and half women, and half are Caucasian and half Japanese. The photographs are in color and each illustrates one of seven different emotions (anger, contempt, disgust, fear, happiness, surprise, and sadness). The photographs were taken with the same background, which was a light blue screen, and the people were all wearing a similar white shirt with collar. There are eight images for each emotion giving a total of 56 images. Among the eight images, there are two male and two female Caucasians, and two male and two female Asians. The image size was 1250 ϫ 990 pixels. The vertical height of each face (from the hair line to the bottom of the chin) was approximately four fifths of the height of the monitor. The monitor height was 28.5 cm. Thus, each face was approximately 22.8 cm high, which is close to the size of a real face. It must be noted that, in everyday life, people with normal vision would not usually view faces at a distance of 57 cm. However, people with low vision often use a large-screen computer or TV or a combination of large screen and decreased viewing distance.
Instrument and Software. A 21-inch (53.3 cm diagonally)
monitor (Trinitron; Sony, Tokyo, Japan) with a resolution of 1280 ϫ 1024 pixels was used to display each image. Images were displayed with an application in commercial software (Imageshow, MatLab; The MathWorks, Natick, MA), which was programmed by a software programmer from the System Design Engineering Department, University of Waterloo.
Subjects. Six subjects with normal vision (visual acuity of 6/6 or better, aged 25-35 years) and two subjects with maculopathy (one with JMD was aged 59 years and the other with exudative AMD was aged 78 years) participated in this preliminary study. The subjects with normal vision were not age matched, as the chief purpose was to ensure that a person with good vision could perform the task and that the task was not too difficult (i.e., a person with good vision could identify the expressions accurately) and to choose which expressions to use, so as to ensure a fairly consistent level of difficulty among the expressions. Subjects with normal vision and maculopathy were used at this preliminary stage to ensure that the task was not too easy. We wanted a level of difficulty such that those with normal vision would make a few errors and those with maculopathy would make more errors, so that there was a possible range for measuring improvement with the filters for the subjects with maculopathy. The two subjects with maculopathy wore their habitual glasses plus a ϩ1.75-D distance correction lens for the viewing distance of 57 cm. All subjects gave written informed consent for participation in the study, which was approved by the Office of Research Ethics at the University of Waterloo. All subjects were treated in accordance with the Declaration of Helsinki.
Procedure. The intended approach was to show the faces for a brief time and to use the percentage of correct identification of the emotion as the outcome measure. At this stage, two critical questions were to be answered. First, how many expressions would be ideal for the quantitative measurement? Since most of the subjects who participated in the stage two of quantitative measurement would be seniors, it is possible that the number of facial expressions 7 would be too many for a subject to remember during the test. Second, how long should the image be displayed? Initial testing showed that the longer the display duration, the higher the accuracy of expression recognition. If the display time was too long, the task would be too easy, and any enhancement in recognition with the filtered images compared with the unfiltered images would not be shown (a ceiling effect). A criticalduration time should be determined to eliminate any ceiling effect so as to be able to measure any enhancement effect with the filtered images.
The information that accompanied the JACFEE CD indicated that the expression of contempt was confusing, even to subjects with normal vision. Therefore, it was excluded from the beginning. The six remaining facial expressions were displayed for a short duration and viewed at a distance of 57 cm. To prevent after-images, each face image was preceded by a 2-second plain gray image and followed by the same plain gray image displayed for an unlimited time. In total, 48 face images were shown with all six expressions. The order of the expressions was randomized. Display durations of 2 seconds, 1 second, and 0.73 second were used (0.73 second was the shortest duration that the program could provide). The results showed that no subjects made any mistakes with the 2-second duration, a few mistakes were made with the 1-second duration and more mistakes were made with the 0.73-second duration. At 1 and 2 seconds, none of the subjects (either with normal vision or maculopathy) made any errors with the expressions of happiness and surprise. The results for the 0.73-second duration are shown in Table 1 . The normal-sighted subjects made no errors with the IOVS, September 2009, Vol. 50, No. 9
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expressions of happiness and only one error with the expression of surprise. Two previous studies 32, 33 also found that expressions of happiness and surprise were the easiest expressions to recognize. Therefore, these two expressions were excluded for the purpose of avoiding a ceiling effect. As a result, four face expressions were left (anger, disgust, fear, and sadness), which is a relatively easy number for elderly individuals to remember at one time and has been used in previous studies (Bullimore MA, et al. IOVS 2000;41:ARVO Abstract 2510). 29 Next, the two subjects with maculopathy were tested with the four facial expressions using 32 images displayed with a duration of 0.73 second. The results are also shown in Table 1 . It can be seen that the older subjects with maculopathy made more mistakes than the younger normal subjects under the same experimental conditions. This result suggested that with the duration of 0.73 second older subjects with maculopathy would make more errors than those with normal vision and that a ceiling effect would not be encountered without the filters. Since subjects with normal vision also made errors, it seems that there would also not be a ceiling effect when the filters were applied for the subjects with maculopathy and that there would be the possibility of measuring improvement with the filters. According to the subjective responses of the two subjects with maculopathy, a choice of four facial expressions was easy for the seniors to undertake. From this preliminary study, the facial expression image duration of 0.73 and the four face expressions (anger, disgust, fear, and sadness, shown in Fig.   1 ) were chosen for the further quantitative measurement of image visibility.
Experiment 2: Objective Measurement of Improved Visibility with Filtered Images
Subjects. Nine subjects with bilateral maculopathy participated in this experiment ( Table 2 ). The better eye was used in the study. The subjects wore their habitual glasses. All the subjects except S4 were given a distance correction lens of ϩ1.75 D for the viewing distance of 57 cm. Three had atrophic ARMD, four had exudative ARMD, and two had JMD. Note that S6 had a diagnosis of JMD, although he is now in the same age group as those with age-related maculopathy. The two subjects with maculopathy who participated in experiment 1 were not included. All subjects gave written informed consent for participation in the study, which was approved by the Office of Research Ethics at the University of Waterloo. All subjects were treated in accordance with the Declaration of Helsinki.
Selection of Digital Filters. Six generic filters had been compared in their ability to improve perceived visibility of face images for these subjects. 6 The filters were contrast enhancement, Peli's adaptive enhancement, edge enhancement, high-pass/unsharp masking, difference of Gaussian, equi-emphasis band-pass filter, and band-pass filters based on contrast sensitivity or supra-threshold contrast matching. Three custom-designed filters had also been evaluated. These were band-pass filters based on contrast sensitivity loss, suprathreshold contrast matching, and emphasis of the peak of the contrast sensitivity function. All the filters could be applied at different strengths and with different parameters. A total of four 2-hour visits were required for the study. The first was to measure the CSF and contrast-matching functions. These were used to develop the custom-devised filters. Then subjects went through three visits to identify the preferred filters. The second visit was for filter rankings, in which different versions of each filter type were viewed side by side and the most preferred version for each type of filter was chosen. At the third visit, the filters were rated against the original, unfiltered image, and the ratings were used to determine the optimum filters (the two filters that had the highest ratings of those included in that study). None of the filters was given a rating close to 200, which may mean that the perceived improvement in visibility did not result in the perception of a restoration of vision or improvement to normal vision. 9 These two highest rated filters for each subject (filters 1 and 2) were chosen for evaluation in the present study and were designated filter 1 (the highest rated filter) and filter 2 (the second highest) to distinguish the two filters. For two subjects, the top two filters had been rated equally. In these cases filter 1 or 2 was assigned arbitrarily. Table 3 shows these filters for each subject.
Procedure. For each subject, the 32 images showing the four emotions were randomized in order. The first 1 to 15 images were processed by filter 1. The next 16 to 30 images were processed by filter 2. Images 31 and 32 were not processed and were used as the control subjects. Each face image was shown twice, in an original and processed version. The two unfiltered control images were also shown twice to measure any practice effect. These 64 images were mixed and then put into a randomized order for image display with one rule that the same face (filtered and unfiltered) would not be shown consecutively.
The subjects were told that there were four expressions to recognize and a list of the possible four expressions in large print was given to them. They were shown one separate example of each emotion at the beginning to explain the purpose of this session. This example was not used in the actual study. The image display was similar to the preliminary study with an image duration of 0.73 second.
Analysis. Each facial expression response was marked as incorrect or correct and the numbers of errors were recorded. A paired t-test between the test and retest of the control images was applied to consider any practice effect. To study the effect of enhancement of the test images, we applied a paired t-test across subjects. Scatterplots and correlation coefficients were used to consider the agreement between the magnitude of improvement in performance and the filter ratings. The average rating for the two preferred filters over 100 (equal rating to the unfiltered image) was calculated.
To test whether there was any difference in enhancement between the first and second filters, the results were separated into first filter and second filter, and a paired t-test was applied, excluding those subjects who had rated filters 1 and 2 equally. Again, scatterplots and correlations were used to show agreement between the difference in the ratings (between filters 1 and 2) and the difference in errors made with the two filters.
RESULTS
Repeatability
Across all nine subjects, the mean difference between the test and retest of the two unfiltered images was 0.44. A paired-t-test to compare the test and retest responses showed no significant difference (P Ͼ 0.05). This result suggests that there was no significant practice effect.
Overall Performance with Preferred Filters
The results are shown in Table 4 . The two-tailed paired t-test showed that the best two filters significantly decreased the The values with each preferred filter show the subjective ratings: 100, visibility to the original; Ͻ100, degraded visibility; and 100 -200, improved visibility. S7 and S9 rated the two filters equally (shown in Italic type). The band-pass filters at 3.6% or 27.9% were those based on contrast-matching functions at those contrasts (See Leat and Mei 6 for a description of the filters). Paired t-test, P ϭ 0.034, the preference rating difference between the first and second filter without S7 and S9. BP, band-pass filter; DOG, Difference of Gaussian; CS, contrast sensitivity.
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Face Perception Improvement For Maculopathy 4505 errors in facial expression recognition across the nine subjects with maculopathy (P ϭ 0.004). Figure 2 is a scatterplot of the improvement in performance (errors without filters Ϫ errors with filters) against the average increase in rating (average rating for the two filters Ϫ 100). It can be seen that there is no significant correlation between these measures (r ϭ 0.18).
Comparison between Two Best-Rated Filters
The ratings for perceived image enhancement of the first and second filters for the nine subjects are shown in Table 3 . The number of errors for facial expression recognition of the first and second filters were separated and are shown in Table 5 . Since subjects 7 and 9 rated the first and second filter equally, they were excluded from this statistical analysis. A paired t-test showed that the rating of perceived enhancement of the first and second filters was significantly different (P ϭ 0.034). Four subjects had more errors with the second filter and two subjects with the first filter; one performed the same on both. It can be seen that the highest rated filter resulted in fewer errors than did the second filter, but this difference did not reach significance (paired t-test, excluding subjects 7 and 9, P ϭ 0.31). Thus, the higher rated first filters did not give significantly better performance than the second filters, even though there was a significant difference in perceived enhancement. Figure 3 is a scatterplot of the difference in performance with the two filters (errors with filter 2 Ϫ errors with filter 1) against the difference in rating (rating for the 1 Ϫ rating for filter 2). It can be seen that there is no significant correlation between these measures (r ϭ 0.097).
DISCUSSION
This preliminary study is the first to use FER to measure the visibility enhancement by digital filters and it has demonstrated that FER can be used to measure improvements in performance and that the subjectively preferred enhancements give rise to improvement in performance.
From the literature, it is not clear which spatial frequency range is critical for FIR and FER. A functional magnetic resonance imaging (fMRI) study 34 showed that low-pass-filtered face images with expressions of fear increases amygdala activation compared with those with high spatial frequencies. Several studies also indicated that low spatial frequency information is important for expression discrimination, and high spatial frequency information is important for emotional intensity judgment. 34 -36 FIR seems to require higher spatial frequency information, 11, 29, [37] [38] [39] since finer details of a specific face needs to be visualized. Alternatively, Rubin and Schuchard 30 did not find a strong relationship between contrast sensitivity and face recognition. People with later stages of maculopathy fail to perceive high and middle spatial frequency information. Mei and Leat 40 showed that most participants with maculopathy could not match contrast above 2 cyc/deg, which means at these spatial frequencies, even 100% contrast cannot be perceived. For those spatial frequencies that could be detected (Յ2 cyc/deg), contrast thresholds were higher than those of the controls. Thus, people with later stages of maculopathy have lost perception of middle and high spatial Paired t-test, P ϭ 0.004.
FIGURE 2.
Correlation between improvement in errors and improvement in ratings across nine subjects. The data in parentheses indicate that filters were equally rated. Paired t-test, P (between first and second filters) ϭ 0.31 frequencies. Increasing the contrast of these spatial frequencies cannot benefit visual perception. This may explain why the study by Peli et al. 11 with FIR demonstrated improvements in only approximately 50% of the subjects. On the contrary, the evidence appears to indicate that FER can be performed with lower SF information, which can be perceived by people with maculopathy, and therefore measures of FER result in an ability to demonstrate improvement. Another benefit of using FER is that it avoids the problem of a person's familiarity with particular faces.
FER is a better visual task than FIR for measuring visibility enhancement for single faces, but the selection of faces, expression types, and display duration are also critical in designing the method. The present study found that four facial expressions (anger, disgust, fear, and sadness) of both Caucasian and Asian men and women 41 and a display duration of 0.73 seconds resulted in a difference in performance between older subjects with maculopathy and younger subjects with normal vision and allowed room for improvement for the subjects with maculopathy.
Experiment 2 also showed that the method developed is sensitive. In this study, the condition to be detected was an objective measure of improvement in visibility as a result of digital image enhancement. Even for this relatively small subject sample of nine subjects, there was a significant effect of image processing on image visibility (P ϭ 0.004)-that is, fewer errors were made with filtered images than with the unfiltered images. This result suggests that the second hypothesis was found to be true: Subjectively preferred filters do result in actual improvement in performance as measured by FER, and the test that we have developed is sensitive enough to detect these differences.
As for the relationship between subjective preference of filters and measured improvement in performance, the present study seems to suggest that they may not be a direct relation. For both the situations when the two filters were considered together and when comparing the first and second filter, there was no correlation between the magnitude of the subjective ratings and the improvement in performance. Also, there was a significant difference between the perceived enhancement of the first and second filters, but there was no significant difference in the ability to detect facial expressions. This lack of significant difference may be a question of sample size. With the results found in this study, a power calculation shows that a sample size of 44 would be required to find a significant difference in performance between the first and second filters (based on the data from Table 5 in which the mean difference was 1 and the SD of the differences was 2.38, paired t-test, ␣ ϭ 0.05, power ϭ 80%). Thus, perceived performance may be the more sensitive method for determining differences in the effectiveness of different filters, but more research is needed to compare the two measures of the effectiveness of a filter. It certainly appears that there is not a close association between subjective preference and performance, and therefore both may have to be included in future studies.
Subjective preference for filters is a very efficient technique to use when comparing a range of different filters or versions of a filter. What we showed is that the preferences do result in improved performance and that the method developed in this study can objectively demonstrate these improvements. However, the difference in preference between two filters was not demonstrated by measurable visibility improvement.
CONCLUSIONS
In summary, the method developed in this preliminary study proved to be effective in objective (quantitative) measurement of the image visibility enhancement with digital filtering for people with maculopathy. Even though the subject sample was small, the results show that there is measurable improvement in facial expression recognition with subjectively preferred filters, although the objective improvements were not directly proportional to those of the qualitative measurements.
